Macropinocytotic uptake and infection of human epithelial cells with species B2 adenovirus type 35
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INTRODUCTION
Adenoviruses circulate widely in the human population, and most adults have been exposed to adenoviruses (13) . Currently, there are more than 54 HAdV serotypes known, and they have partly divergent entry pathways (for taxonomic details, see http://www.vmri.hu/~harrach/AdVtaxlong.htm). HAdVs are classified into six species A to F. Clinical manifestations of HAdV vary considerably, but commonly include cold symptoms, pharyngitis, tonsilitis, otitis, and pharyngoconjunctival fever. Less common are severe pneumonia, conjunctivitis, cystitis, encephalitis and meningitis (50, 81) . In immunocompromised patients and young military recruits, HAdVs cause life-threatening infections (49) .
The entry of the species C HAdV-2 (Ad2) and HAdV-5 (Ad5) is best characterized. Ad2/5 bind to the coxsackie B virus-Ad receptor CAR (8) , and use αν-integrins as secondary receptors to induce receptor-mediated endocytosis involving clathrin, clathrin adaptors and the large GTPase dynamin (31, 34, 63, 102, 105) . These viruses also trigger accessory dynamin-independent macropinocytosis, which is not used to internalize Ad2/5 into cultured cells (63) . Macropinocytosis is, however, an important infectious pathway into epithelial cells for the species B1 HAdV-3 (Ad3, 3). It is also an entry pathway for an increasing number of viruses from other families, such as vaccinia virus (67) , echovirus 1 (43) , Kaposi sarcoma herpes simplex virus (83) and Ebola virus (82) . Macropinocytosis has been associated with human immunodeficiency virus 1 (HIV) infections in different cell types (27, 58, 60) , but dynamin-dependent endocytosis of HIV has also been reported (70) .
Macropinocytosis is a form of endocytosis occurring at large scale. It leads to the formation of large vacuoles, predominantly at the cellular periphery (97) . It often but not always involves ruffling protrusions from the plasma membrane that either fuse with themselves or with the cell membrane and thereby engulf extracellular material (21).
Macropinocytosis significantly contributes to antigen presentation in immune cells (66, 104) , and is used by viral and bacterial pathogens to reduce immune responses (68, 97) .
The small GTPase Rac1 and dynamic actin filaments invariably control macropinocytosis. Macropinocytosis also strongly requires p21-activated kinase Pak1 (20), which binds and activates Rac1 (46) , and variably depends on phosphatidylinositol-3-kinase (PI3K), Ras, and Src activities downstream of activated receptors. In addition, macropinocytosis requires the C-terminal binding protein 1 (CtBP1), which is phosphorylated by Pak1 and supports membrane fission or stabilization of the emerging macropinosomal vesicle (35, 56) . It is strongly blocked by inibitors of sodium/proton exchangers (103), such as amiloride or an amiloride analogue EIPA (37), which decrease cytosolic pH and thereby inhibit the activation of Rac1 and Cdc42 GTPases in submembranous zones (48) . Another hallmark of macropinocytosis is the dependency on protein kinase C (PKC) in both macrophages and epithelial cells (4, 5, 63) .
Ad35 is a member of the species B2 adenoviruses, which use CD46 as a primary receptor in epithelial and hematopoietic cells (26, 30) , and integrins as coreceptors for infection of hematopoietic cells (72) . This virus was initially isolated from kidney of an immunocompromised individual (73) . Species B2 adenoviruses naturally infect the kidney and urinary tracts, and are sometimes fatal in immunocompromised individuals, possibly due to reemergence from a latent state (38, 53) . In addition, Ad35 is a promising vector for clinical gene transfer and vaccination, in part due to the low seroprevalence of neutralizing antibodies in the population (101) . For example, an Ad35-based malaria vaccine was shown to protect mice from Plasmodium falciparum sporozoites (78) , and induced potent T-cell immunity (84) . In addition, Ad35 vectors injected into tissues of nonhuman primates gave rise to specific gene expressions at sites of injection in most organs indicating the high versatility of Ad35 (87, 88) .
Here we examined the infectious entry pathway for Ad35 into human epithelial cells and human kidney 2 (HK-2) cells, and compared the results with host requirements for infectious entry of the species C Ad2/5. Unlike Ad2/5, Ad35 uses macropinocytosis as an infectious uptake pathway. It requires CD46, integrins, PKC, sodium/proton exchanger, actin, Rac1, Pak1 and CtBP1 but not heparan sulfate, which had been suggested to be involved in virus attachment to Chinese hamster ovary cells (99) .
These results mirror the infectious pathway into epithelial cells for the species B1 Ad3 (3). This is remarkable since Ad3 had been suggested to use other receptors besides CD46 (61, 95) . Notably, it was recently shown that Ad3 binds to the same region of the terminal short consensus repeat 1 (SCR1) and SCR2 of CD46 as Ad35, albeit with lower affinity than Ad35 (25, 26), and this leads to gene expression in high CD46- 
MATERIALS AND METHODS

Cells and viruses
Normal diploid human embryonic lung-derived fibroblasts Wi-38 (CCL-75) were purchased from American Type Cell Culture Collection (ATCC) and grown in DMEM in K1-medium. Human hematopoietic K562 cells were used as described (3) . CHO cells stably expressing GFP-CD46 were generated by transfection of CHO-15B6 cells with a pcDNA3.1-neo vector containing the CD46-BC1 sequence, and single clones were selected in G418 (1mg/ml) containing medium. Ad35 was isolated from human bronchial epithelial A549 cells. Fluorescent tagging of Ad35 with Texas-Red (Molecular Probes, Leiden, The Netherlands) was performed as described (96) . Ad35-eGFP, Ad5-eGFP and Ad2-ts1 were used as described (31, 74, 101). HSV-1-eGFP was a kind gift from Dr. C. Fraefel (Institute of Veterinary Virology, University of Zurich,76). 3 H-Ad35 was generated as described in (33).
Viral eGFP transduction experiments
For infection analyses by wide-field microscopy or confocal laser scanning microscopy (CLSM) analyses cells were seeded onto glass coverslips in 24 well dishes.
Alternatively, infection measurements were carried out in a Safire monochromatorbased microplate detection system (Tecan Group Ltd. Switzerland) using 96 well plates.
Cells were infected with the indicated eGFP-expressing virus at a MOI 5 in warm DMEM-0.2% BSA (Sigma A9418) for 60 min, washed twice with warm DMEM-0.2% BSA and further incubated for 7 h, fixed in 3% paraformaldehyde for 25 min, quenched with ammonium chloride and prepared for analysis as indicated above. Chemical interference with infection was performed by addition of compounds 30 min prior to infection in DMEM-0.2% BSA at 37°C. Cells were infected in the presence of the inhibitors in DMEM-0.2% BSA for 60 min, washed twice and further incubated for 7 h.
cDNAs, antibodies and chemicals
Human K44A-Dyn2 and Dyn2 expression constructs were obtained from Dr. C. Lamaze 
. Dynamin2
(GACAUGAUCCUGCAGUUCA, Qiagen). K562 cells were transfected with the indicated siRNA using Nucleofector I (Amaxa, Germany).
Microscopy
Spinning disc live cell microscopy images were recorded with a UplanApo100X Unexpectedly, we did not observe any significant inhibition or stimulation of eGFP expression with Ad35 in both cell types (Fig. 1H, I ). We did however find a strong block of herpes simplex virus 1 (HSV1) mediated eGFP transduction, as reported earlier (107) . We concluded that HSPGs are not involved in Ad35 infection of the CD46-positive HeLa and HK-2 cells.
Cell type-dependent requirement of dynamin for Ad35 infection
Ligation of CD46 by antibodies or Ad3 has been shown to trigger clathrin-mediated endocytosis or dynamin-independent macropinocytosis, depending on the degree of CD46 crosslinking (3, 16, 95) . By transfecting cells with dominant-negative K44A-dyn2 tagged with mRFP for 24 hours followed by inoculation of the cells with Ad35-eGFP, we found that Ad35 transduction of HeLa-ATTC cells was independent of K44A-dyn2, in contrast to Ad5-eGFP ( Fig. 2A, B ). Ad35 infection of HeLa-K cells, however, was dynamin-dependent ( Fig. 2C ), exactly as reported for Ad3 (3) . To test if dynamindependent Ad35 infection of HeLa-K cells required a clathrin related pathway, we overexpressed the carboxy-terminal clathrin heavy chain binding domain of AP180 (aa 530-915), which blocks clathrin recruitment to the plasma membrane (28), and inhibits clathrin-mediated endocytosis (71) . It also inhibits infectious clathrin and dynamindpendent endocytosis of Ad2 (31). We found that Ad35 infection of HeLa-K cells was not inhibited by the C-terminal domain of AP180, unlike Ad5-eGFP transduction ( Fig.   2C ). In support of this, the dynamin inhibitor dynasore (59) had no significant effects on Ad35 transduction but affected Ad5 transduction of Wi-38 cells (Fig. 2D ). This suggested that Ad35 entry into HeLa-K cells was at least partly dependent on dynamin and most likely clathrin, and Ad35 entry into HeLa-ATCC and Wi-38 cells was dynaminindependent.
Macropinocytosis inhibitors block infectious Ad35 uptake into epithelial cells
To analyze the dynamin-independent infection pathway of Ad35 we treated HeLa- Pak1-dependent macropinocytosis as indicated by RNA interference (3, 63) . We conclude that Ad35 transduction is sensitive to inhibition of macropinocytosis.
We next used electron microscopy (EM) to determine the subcellular localization of Ad35 in epithelial HeLa-ATCC cells. Time course analyses showed that Ad35 particles were rapidly and efficiently cleared from the plasma membrane, and more than 50% of the virus particles localized to the cytosol at 30 min pi (Fig. 4A , for a representative image, see Fig. 4B ). This indicated rapid viral uptake and endosomal escape with estimated half maximal times of 7 and 15 min, respectively. EIPA, Jas and IPA-3 delayed viral uptake into cells, and strongly reduced Ad35 localization in the cytosol 30 min pi (Fig. 4C ). This suggested that infectious Ad35 endocytosis required sodiumproton exchangers, dynamic F-actin and Pak1.
We next analyzed if actin inhibition by Jas, or Pak1 inhibition by IPA-3 affected the dynamics of the plasma membrane during entry of Texas-Red-labeled Ad35 (Ad35-TR). 
Pak1 and CtBP1 facilitate infectious Ad35 macropinocytosis
Pak1 is activated by the small GTPase Rac1 (Ras-related C3 botulinum toxin substrate 1) during growth factor-stimulated macropinocytosis, cell adhesion and motility (41) , and is implicated in endocytosis of interleukin-2 receptor (32), and infectious macropinocytosis of Ad3 and vaccinia virus (3, 67) . The expression of dominantnegative Rac1 (mutated threonine 17 to asparagine, T17N) inhibited the expression of Ad35-eGFP by about 50% (Fig. 6A, B) . Likewise, the autoinhibitory domain of Pak1 reduced Ad35-eGFP levels by about 70% but did not affect Ad5-eGFP (Fig. 6C, D) supporting the notion that Pak1 is involved in species B but not species C adenovirus infections (3).
Activated Pak1 phosphorylates the transcriptional repressor C-terminal binding protein 1 (CtBP1) at serine 147 in the nucleus, and recruits CtBP1 into the cytoplasm (7). There are two splice forms of CtBP1, a short form truncated by 11 amino acids (also called CtBP3/BARS) and a long form (CtBP1). Both forms control dynamin-independent endocytosis (9), membrane fission and endocytic cup formation (3, 43, 56) . We found that the expression of dominant-negative, phosphorylation-defective CtBP1 (serine 147 to alanine mutation, S147A), but not the phosphomimetic mutant S147D reduced Ad35-eGFP by about 35% without affecting Ad5-eGFP (Fig. 6E, F) . These results were (Fig. 7A ), similar to Ad2/5 and Ad3 (3, 40, 63, 64) . Multichannel confocal immunofluorescence analyses revealed that dextran and Ad35-TR positive endosomes contained CD46, alpha v integrins and to a lower degree also CtBP1 at 10 min pi (Fig. 7B) . Noninfected cells did not contain detectable dextran-FITC positive endosomes under these pulse labeling conditions, indicating that the dextran-positive endosomal structures described in Fig. 7B were virus induced (Fig. S1 ). Quantitative analyses using wide field fluorescence microscopy showed that 91% of the dextranfilled vesicles in Ad35 infected cells were positive for CD46, essentially all were alpha v integrin positive, and 77% were positive for CtBP1 (Fig. S2 ).
Transmission electron microscopy showed that Ad35 particles were in large endosomes 10 min pi several micrometers in diameter (Fig. 7C ). These endosomes contained of the Ad2-ts1 particles were in gold-positive endosomes (Fig. 7D) . We found that about 60% of the total BSA-gold particles were in Ad35-positive endosomes, whereas about 15% of the total BSA-gold were in Ad2-ts1 positive endosomes. This strongly supported the conclusion that Ad35 was predominantly in fluid-enriched endosomes 10 min pi. Together the data indicate that Ad35 induces CD46 and integrin-dependent macropinocytosis for infectious uptake into epithelial HeLa-ATCC and kidney HK-2 cells as well as hematopoietic cells (see Fig. 8 for a schematic overview).
DISCUSSION
Adenoviruses cause infectious disease and significant health problems across the world. Therapeutic forms of adenoviruses are increasingly developed to treat human diseases, including cancer and immune disorders (92, 98) . 
